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The mammalian proximal tubule absorbs 80% of bicarbonate,
50% of NaCI, and most of the organic solutes filtered at the
glomerulus. The Na-K-ATPase located on the basolateral mem-
brane generates a low intracellular [Na] and a high intracellular
[K], which in conjunction with a basolateral K conductance
leads to an interior negative cell voltage. These intracellular
conditions provide driving forces necessary for a number of
secondary active transporters on the apical and basolateral
membranes which effect transcellular transport. Due to the high
permeability of the tight junction in the proximal tubule, there
also exist paracellular pathways for solute movement that
contribute significantly to net proximal tubular transport.
Apical membrane transport mechanisms
With a cell interior negative potential of 50 to 70 mV and a
cell pH of 7.1 to 7.3, the electrochemical gradient across the
apical membrane favors entry of protons from lumen to cell.
Thus, apical membrane H secretion is an energy requiring
process, which is mediated by two transport mechanisms. The
first of these is an apical membrane Na/H antiporter [1—3]. The
Na/H antiporter has a lNa: lH stoichiometry, a KNa of 13 mM,
and is competitively inhibited by amiloride [2, 4]. While both
external and internal H can affect Na/H antiporter activity as
substrates, internal H can also allosterically regulate this trans-
porter through an internal modifier site [5]. Consequently, the
Na/H antiporter is more sensitive to changes in intracellular pH
than in extracellular pH.
While somewhat controversial, evidence is accumulating
supporting a role for an H-ATPase in effecting apical membrane
H secretion. This evidence includes: 1.) demonstration of
electrogenic HCO3 absorption [6—101; 2.) Na-independent cell
pH recovery from an acid load [11, 12]; 3.) HCO3-stimulated
ATPase activity and ATP-driven H secretion in apical mem-
brane vesicles [13—151; and 4.) immunohistochemical labelling
of the apical membrane by antibodies raised against purified
H-ATPase [161. Little is known about the kinetic behavior of
this transporter, although by analogy with the turtle urinary
bladder, one would expect its activity to be modified by
transmembrane voltage and pH gradients [17].
A stilbene-sensitive Cl/formate exchanger has been demon-
strated in apical membrane vesicles [181 as well as microper-
fused tubules [19, 20]. While some studies have shown evidence
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of stilbene-sensitive Cl/OH exchange [19, 21—231, others have
not [24, 25]. Karniski recently showed significant Cl/OH ex-
change in apical membrane vesicles treated with the sulthydryl
reacting agent parachloromercuribenzoic acid, and postulated
that Cl/OH exchangers might be activated in vivo by a similar
sulfhydryl modification [26].
An array of Na-coupled transporters exist on the apical
membrane that transport organic and inorganic solutes into the
cell, such as glucose, amino acids, mono- and dicarboxylic
acids, phosphate and sulfate. The basolateral membrane trans-
port mechanisms for these solutes vary depending on the
solute. Most organic solutes, like glucose and glycine, exit on
facilitated carriers. Solutes that are metabolized in the proximal
tubule cell, like glutamine and citrate, have in addition to apical
membrane, basolateral membrane uptake mechanisms.
Basolateral membrane transport mechanisms
Studies in microperfused tubules and membrane vesicles
have shown a stilbene-sensitive NaJ3HCO3 cotransporter on
the proximal tubule basolateral membrane [27—35]. Because of
the 1 Na: 3HC03 stoichiometry [28, 36], this transporter carries
two net negative charges, is electrogenic [28, 3 1—33] and is
voltage-sensitive [27—30, 34, 35]. Kinetic analysis shows satu-
rable stimulation by Na with a Km of 10 mM; bicarbonate
kinetics are more complex [34, 35]. There is also evidence to
suggest that this transporter can accept carbonate (CO32) as a
substrate and function as a NaJCO3/HCO3 cotransporter, im-
plying that changes in pH and [HCO3] can independently
modify the rate of this transporter [37, 38].
The Na-K-ATPase is ubiquitous in all eukaryotic cells where
it regulates cell [Na], [K], volume, and voltage. In the proximal
tubule, it is localized exclusively on the basolateral membrane,
and has the additional function of providing most of the driving
forces for active transepithelial transport [391. For every ATP
hydrolyzed, 3 Na's are transported out of, and 2 K's are
transported into the cell. The affinities for intracellular Na and
extracellular K are KNa = 50 m, and KK = 1 m, respectively
[40].
Investigators have found two possible basolateral membrane
chloride exit mechanisms. Studies from microperfused tubules
and membrane vesicles have shown an electroneutral Na-indepen-
dent KICI cotransporter [41, 42]. Microperfusion studies have
also found evidence for an electroneutral stilbene-sensitive
Na(HCO3)2/Cl exchanger on the basolateral membrane [43—46].
In these studies, a component of the basolateral membrane
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Cl/HCO3 exchange activity is Na-independent, and probably
represents a stilbene-sensitive Cl/HCO3 exchanger [43—45].
Cellular model for proximal tubule solute absorption
NaHCO3 absorption
Transepithelial NaHCO3 transport is effected by apical mem-
brane H secretion and basolateral membrane HCO3 exit. Al-
though the basolateral membrane CIIHCO3 exchanger could
theoretically mediate base exit, its relative contribution is
extremely small. The Na/3HC03 cotransporter is believed to
mediate most of basolateral membrane base efflux effecting
transepithelial HCO3 absorption, based on observations show-
ing that: 1.) the majority of basolateral membrane H/HCO3
permeability is via the NaI3HCO3 cotransporter [27, 28]; 2.)
transepithelial HCO3 absorption is Na-dependent [47—501; 3.)
transepithelial HCO3 absorption is Cl-independent [47, 48, 51];
4.) transepithelial HCO3 absorption is inhibited by peritubular
disulfonic stilbenes [52]; and 5.) transepithelial HCO3 absorp-
tion is inhibited by cell depolarization [51].
For every turnover of the basolateral membrane Na/3HC03
cotransporter, three protons must be secreted into the lumen. If
this apical membrane H secretion were mediated entirely by
three turnovers of the Na/H antiporter, the two Na's that are
not transported by the Na/3HC03 cotransporter would exit the
basolateral membrane via 2/3 turnovers of the Na-K-ATPase
(Fig. IA). K which enters on the Na-K-ATPase will exit via the
basolateral membrane K channel. In this model, the Na-K-
ATPase would generate the driving forces for transcellular
NaHCO3 transport by lowering cell [Na], which would drive
apical membrane H secretion via the Na/H antiporter. Because
this process would absorb equal amounts of cation and anion
transcellularly, there would be no effect on transepithelial
voltage.
Alternatively, apical membrane H secretion could be medi-
ated by the H-ATPase (Fig. 1B). By turning over three times,
the H-ATPase could generate an interior negative voltage and
alkaline cell pH, both of which would drive one turnover of the
basolateral membrane NaJ3HCO3 transporter. The removal of a
Na by the NaJ3HCO3 cotransporter would then drive a Na-
coupled cotransporter on the apical membrane to bring in one
Na. In this model, the energy for transcellular NaHCO3 move-
ment, and to a certain extent, Na-coupled absorption of organic
solutes, would be derived from the H-ATPase instead of the
Na-K-ATPase. Because transcellular HCO3 absorption exceeds
transcellular Na absorption, the process would be electrogenic,
and a paracellular current would be generated. This would drive
Na or Cl across the paracellular pathway effecting transepithe-
hal NaHCO3 absorption or Cl/HCO3 exchange, depending on
the relative Na and Cl permeabilities of the tight junction. While
the voltage could also enhance HCO3 secretion across the
paracellular pathway, the low HCO3 permeability of the tight
junction makes this less likely.
Examining the sensitivity of NaHCO3 absorption to luminal
amiloride and an amiloride analogue, Preisig et a! concluded
that 2/3 of NaHCO3 absorption is mediated by an apical
membrane Na/H antiporter, while 1/3 is mediated by a Na-
independent, amiloride-insensitive mechanism, most likely an
H-ATPase [53]. Based on this observation, an intermediate
model can be constructed with 1/3 of apical membrane H
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Fig. 1. Cellular models for proximal tubule transepithelial NaHCO3
transport. A. For every turnover of the basolateral membrane Na!
3HC03 cotransporter, 3 protons are secreted into the lumen by the
Na/H antiporter. B. For every turnover of the Na/3HC03 cotrans-
porter, 3 protons are secreted into the lumen by the F1-ATPase. X is a
solute cotransported with Na. Because transcellular NaHCO3 absorp-
tion is electrogenic, a paracellular current will be generated. C. A
composite of models A and B in which 1/3 of apical membrane H
secretion is mediated by the H-ATPase and 2/3 by the NaJH antiporter.
A paracellular current maintains transepithelial electroneutrality.
secretion mediated by the H-ATPase, and the remaining 2/3
mediated by the Na/H antiporter. As depicted in Figure IC, for
every single turnover of the NaJ3HCO3 cotransporter, two
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Fig. 2. Cellular model for proximal tubule transcellular NaCI trans-
port. B represents base (OH or formate).
protons would enter the lumen via the Na/H antiporter, one
proton would enter via the H-ATPase, and one Na would exit
the basolateral membrane by a 1/3 turnover of the Na-K
ATPase. In this model, transcellular NaHCO3 transport will be
electrogenic, and paracellular movement of one Na from lumen
to peritubular space, or one Cl from peritubular space to lumen,
maintains net electroneutrality of transepithelial transport.
NaC! absorption
Based on inhibition of NaCl absorption by amiloride or
disulfonic stilbenes, it appears that apical membrane NaC1
uptake occurs predominantly via parallel Na/H and Cllbase
exchangers (Fig. 2) [54—561. The low intracellular [Na] and [Cl]
drive both of the these transporters to effect apical membrane
NaC1 uptake.
The relative roles of CI/formate and Cl/OH exchangers in
mediating apical membrane NaC1 uptake are presently unre-
solved. Studies have demonstrated that the activity of Cl/
formate exchange exceeds that of Cl/OH exchange [18—20].
However, for Cllformate exchange to effect NaCI and volume
absorption, formic acid must recycle across the apical mem-
brane at a rate equal to the rate of transcellular NaC1 absorp-
tion. In the rabbit proximal tubule, the presence of a small
concentration of formate significantly increased NaCI absorp-
tion [57], suggesting an important role for the Cl/formate
exchanger. However, rates of NaC1 absorption in the rabbit
proximal tubule are low, and therefore the required rate of
formate acid recycling is low. In the rat proximal tubule, rates
of transcellular NaCl absorption are much larger [58]. The
apical membrane formic acid permeability of the rat proximal
tubule was found to be too small to support the entire transcel-
lular NaC1 flux, suggesting that in the rat, a large component of
apical membrane NaCI uptake may be mediated by Na/H-
Cl/OH coupling and recycling of H2O [59].
For every turnover of the basolateral membrane Na-K-
ATPase, three NaC1's enter the cell via apical membrane
Na/H-Cl/base coupling. While the three Na's simply exit on the
Na-K-ATPase, the 3 Cl's can be transported across the baso-
lateral membrane by either the K/Cl cotransporter, driven by
the high cell [K], or the Na(HCO3)2/Cl exchanger, driven by the
low cell [Na] and [HCO3I. If all three Cl's exit on the basolateral
membrane electroneutral K/Cl cotransporter, K efflux (3 K's)
would exceed K entrance on the Na-K-ATPase (2K's), the high
cell [K] would rapidly dissipate, and the cell would depolarize.
On the other hand, if the three Cl's exit solely on the
Na(HCO3)2/Cl exchanger, the influx of K from the Na-K-
ATPase will have no alternative pathway of exit other than the
basolateral membrane K conductance. In a mathematical model
formulated by Verkman and Alpern [60], when Cl was assigned
to exit the basolateral membrane exclusively via the
Na(HCO3)2/Cl exchanger, the cell continued to hyperpolarize
and was unable to achieve a steady-state cell voltage. Only
when an electroneutral K exit mechanism was included, like the
K/Cl cotransporter, was it possible to obtain a steady-state cell
voltage [60]. In fact, the relative amounts of K exit via the
rheogenic K channel versus the electroneutral K/Cl cotrans-
porter determined the magnitude of the steady-state cell volt-
age. By assigning 10% of the basolateral membrane K efflux via
the K/Cl transporter, and 90% via the K conductance, a
steady-state cell voltage of —70 mV was achieved [60].
In summary, NaCl uptake across the apical membrane occurs
via parallel Na/H and Cl/base exchangers, with Na exiting on
the basolateral membrane Na-K-ATPase. Basolateral mem-
brane Cl exit cannot be totally mediated by a K/Cl cotrans-
porter, and thus, is likely to be mediated by both the
Na(HCO3)2/Cl and KC1 cotransporters. NaHCO3 which enters
the cell in exchange for Cl, will exit on the basolateral mem-
brane NaJ3HCO3 cotransporter. Figure 2 summarizes the trans-
porters which may mediate NaCl absorption. Because of un-
certainty regarding their quantitative contributions, it is not
possible to define relative turnovers of the different transport-
ers.
Based on the above discussion, the Na/H antiporter is
involved in both NaC1 and NaHCO3 absorption. In the early
proximal tubule, where Na/H antiporter activity is high second-
ary to a high luminal pH, the Na/H antiporter is primarily
involved in transcellular NaHCO3 absorption, and to a lesser
extent, in NaC1 absorption. In later segments of the proximal
tubule, where Na/H antiporter activity is lower due to the lower
luminal pH, it contributes proportionally more to NaCI absorp-
tion. It is not presently clear whether the Cllbase exchangers
run at a constant rate along the nephron, or accelerate in the
late proximal tubule in response to increased luminal [Cl] and
decreased luminal pH.
Na-coupled transport of organic solutes
Nearly 100% of the filtered load of most organic solutes is
absorbed by the end of the proximal tubule. These organic
solutes are transported across the apical membrane by Na-
coupled transporters which utilize the low cell [Na] created by
the Na-K-ATPase to drive the organic solutes up their electro-
chemical gradients. Those that are electrogenic and carry
positive currents, like the Na-glucose cotransport, also utilize
the negative cell voltage to drive organic solute uptake. Baso-
lateral membrane exit of glucose, and many other organic
solutes, is by facilitated diffusion; Na exits via the Na-K-
ATPase. Thus, some transcellular organic solute absorption
involves transcellular transport of cations in excess of anions,
Interstitium
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and therefore is rheogenic and electrogenic. The circuit is
completed by cation secretion or anion absorption across the
paracellular pathway. The relative magnitudes of these paracel-
lular fluxes will depend on their relative permeabilities. If the
tight junction is highly Cl-selective, organic solute absorption
will lead to paracellular Cl absorption, and the net result will be
absorption of the organic solute and NaCI. If the tight junction
is highly Na-selective, organic solute absorption will lead to
paracellular Na secretion, and the net result will be absorption
of the organic solute without any net NaCI transport. In fact,
the selectivity of the proximal tubule tight junction varies from
species to species, and from superficial to juxtamedullary
nephrons [61], and the relative permeabilities of Na and Cl tend
not to be at either extreme. Thus, organic solute absorption is
associated with a rate of NaCl absorption which is less than that
of organic solute absorption, but not zero.
Interactions between transporters
Because the proximal tubule cell contains numerous trans-
port mechanisms which can each modify cell composition, and
because the rate of most of these transporters is sensitive to
changes in cell composition, the possibility exists for numerous
interactions between transporters. Indeed, because the cell can
tolerate only minor changes in size and composition, these
interactions are key to being able to regulate transcellular
transport without perturbing the cell.
One extensively studied example of these interactions is that
between apical membrane Na entry, basolateral membrane
Na-K-ATPase activity, and the basolateral membrane K chan-
nel in tight epithelia [62]. For cells to maintain a constant cell
[Na], cell (K], and cell volume, the rate of apical membrane Na
entry must equal the rate of basolateral membrane Na exit, and
the rate of basolateral membrane K entrance must be equal to
the rate of K effiux. While significant changes in the rate of any
of these transporters can lead to changes in cell composition,
which would kinetically modify the rate of the other transport-
ers, the observation has been that in the steady state, all
transporters change their rate in parallel in spite of minimal,
frequently unmeasurable, changes in cell composition.
Because of the large transcellular H/HCO3 fluxes in the
proximal tubule, maintenance of a relatively constant cell pH in
the presence of marked variations in transcellular H/HCO3
transport is a particularly important problem. In the steady
state, net rates of apical membrane H extrusion and basolateral
membrane base efflux must be equal. This balance occurs in the
presence of marked variations in transcellular H/HCO3 trans-
port with minimal changes in cell pH.
To examine the cellular mechanisms responsible for cell pH
homeostasis, studies examined the relative control of cell pH by
apical and basolateral membrane H/HCO3 transporters. When
luminal pH was decreased by 0.7 pH units, cell pH decreased
by 0.1 pH units, while a similar change in peritubular pH caused
cell pH to decrease by 0.3 pH units, a threefold greater effect
[63]. Thus, changes in capillary and interstitial fluid pH have
significant effects on cell pH, whereas changes in luminal fluid
pH have minimal effects. Such a homeostatic system is key to
preventing changes in luminal pH, which physiologically can
span 0.7 pH units, from causing marked changes in cell pH.
While cell pH is more vulnerable to changes in blood pH, blood
pH rarely varies significantly under physiologic conditions. In
addition, the above findings imply that if one is assessing apical
membrane transporter activity by measuring cell pH, results
will be more easily interpretable if all, or at least the majority,
of basolateral membrane H/HCO3 transporters are inhibited
[63].
The small effect of changes in luminal pH on cell pH, in spite
of wide variations in rates of transcellular H/HCO3 transport
[64], implies that the basolateral membrane NaJ3HCO3 trans-
porter is exquisitely sensitive to cell pH, and can significantly
vary transporter activity in response to minimal changes in
driving force. Similarly, the fact that a 0.7 pH unit change in
peritubular pH leads to only a 0.3 pH unit change in cell pH, in
spite of causing marked changes in the rate of H transport [651,
implies that apical membrane H transporters are also very
sensitive to cell pH, but less so than basolateral membrane
transporters. The marked sensitivity of the apical membrane
Na/H antiporter to cell pH has been shown to be due to an
allosteric cytoplasmic modifier site [5]. In addition, by regulat-
ing endo/exocytosis, cell pH can regulate the number of apical
membrane H-ATPase and possibly Na/H antiporters [66].
The molecular mechanism responsible for the exquisite sen-
sitivity of the NaI3HCO3 cotransporter to cell pH is presently
unclear. One possibility is that the stoichiometry confers the
equivalent of three base molecules transported per turnover.
Thus, using standard kinetics to quantitate activity, the OH or
HCO3 driving forces would be cubed. In a mathematical model
simulating the proximal tubule, cubing this driving force was
able to reproduce the observed pH sensitivity and domination
of cell pH by the Na/3HC03 cotransporter [60]. Nevertheless,
this explanation must be considered speculative at this time. In
the inner stripe of the outer medullary collecting tubule, baso-
lateral membrane H/HCO3 transporters dominate control of cell
pH to an extent equal to or greater than that seen in the
proximal tubule 167]. However, in this segment, all basolateral
membrane H/HCO5 transporters carry 1 H/HCO3 per turnover,
and thus, a power effect in determining the dominant driving
force can not be implicated as the explanation for dominant
control of cell pH residing on the basolateral membrane. An
alternative explanation is that HCO3 transporters are intrinsi-
cally more pH sensitive than H transporters, and thus will
dominate control of cell pH. This possibility, and the possibility
of allosteric regulation of the NaI3HCO3 cotransporter by cell
pH, or cell [Na] has not been studied.
Regulation of absorption
NaHCO3
Based on the above discussion, regulation of transcellular
NaHCO3 transport could occur by communication between the
apical and basolateral membrane mechanisms. Thus, changes in
luminal pH could directly modify apical membrane Na/H an-
tiporter and H-ATPase activities, with resultant changes in cell
pH secondarily modifying NaJ3HCO3 cotransporter activity.
Conversely, changes in peritubular pH could directly modify
Na/3HC03 cotransporter activity, with resultant changes in cell
pH secondarily modifying apical membrane Na/H antiporter
and H-ATPase activity. The possibility also exists that changes
in cell [Na] could contribute toward the communication be-
tween membranes.
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A number of hormones have been demonstrated to acutely
regulate proximal tubule HCO3 absorption [68J. All of these
hormones, along with their putative intracellular messengers
have been demonstrated to regulate Na/H antiporter activity
[68]. In theory, it is possible that the Na/H antiporter would be
the primary target for hormonal regulation, and that the result-
ant changes in cell pH would be responsible for regulation of the
NaJ3HCO3 cotransporter. Such a system would be analogous to
many metabolic pathways where regulation is confined to one
rate-limiting enzyme, and all other steps are modified by
secondary changes in substrate concentration. However, it is
also common for important metabolic pathways to be regulated
at more than one step. Recently, Geibel, Giebisch and Boron
found that angiotensin II increases activities of the Na/H
antiporter and the NaJ3HCO3 cotransporter in parallel [69].
Ruiz and Arruda also recently found that protein kinase A
inhibits and protein kinase C stimulates that basolateral Na/
3HC03 cotransporter [701. Similar effects of protein kinases A
and C on the Na/H antiporter activity have been reported [681.
Proximal tubular HCO3 absorption is also modified by certain
chronic conditions. Chronic metabolic acidosis, chronic respi-
ratory acidosis, chronic K depletion, and chronic glomerular
hyperfiltration all lead to an increased capacity for transepithe-
hal HCO3 absorption [71—771. While initial studies showed
increases in Na/H antiporter activity in all of the above condi-
tions [78—83], more recent studies have demonstrated parallel
increases in Na/H antiporter and Na/3HC03 cotransporter
activities [46, 84—87]. Thus, once again, regulation occurs on
both membranes rather than on one membrane where changes
in cell composition would be required to regulate the other
membrane. A dual regulatory system seems optimal for main-
tenance of nearly constant cell composition, while allowing
large changes in transcellular flux. There is presently no infor-
mation regarding whether the H-ATPase is regulated by hor-
mones or the above chronic conditions.
NaCI
Regulation of proximal tubular NaCI absorption has not been
studied as extensively as NaHCO3 absorption. In theory, NaC1
absorption can be regulated in parallel with NaHCO3 absorp-
tion or separately. Because the Na/H antiporter effects both
NaHCO3 and NaCl absorption, its regulation will have effects
on both processes. Both angiotensin II and dietary NaC1,
important regulators of proximal tubular NaCI reabsorption,
have been shown to increase Na/H antiporter activity [69, 88,
89]. In addition, because NaHCO3 absorption causes luminal
[Cl] to increase, and because increased luminal [Cl] provides a
driving force for passive paracellular NaCI absorption, any
factor which increases the rate of NaHCO3 absorption will
secondarily increase the rate of passive NaCI absorption.
It is also possible to regulate NaCI absorption independently
of NaHCO3 absorption. An example of this occurs with changes
in peritubular protein concentration, which Berry and Cogan
have shown regulate transcellular NaCI absorption with no
effect on NaHCO3 absorption [90]. While the cellular mecha-
nisms responsible for this regulation have not been elucidated,
the site of regulation would presumably be at one of the apical
membrane Cl/base exchangers, or at the basolateral membrane
K/Cl cotransporter or Na(HCO,/CI exchanger.
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